Abstract The Azorean endemic gymnosperm Juniperus brevifolia (Seub.) Antoine is a top priority species for conservation in Macaronesia, based on its ecological significance in natural plant communities. To evaluate genetic variability and differentiation among J. brevifolia populations from the Azorean archipelago, we studied 15 ISSR and 15 RAPD markers in 178 individuals from 18 populations. The average number of polymorphic bands per population was 65 for both ISSR and RAPD. The majority of genetic variability was found within populations and among populations within islands, and this partitioning of variability was confirmed by AMOVA. The large majority of population pairwise F ST values were above 0.3 and below 0.6. The degree of population genetic differentiation in J. brevifolia was relatively high compared with other species, including Juniperus spp. The genetic
criteria ranging from ecological value to social importance. It is highly affected by competition from invasive alien species ) and, therefore, should be viewed as a primary target species for conservation projects in the Azores.
Juniperus brevifolia is one of the most important woody plants of the Azores, especially in mountainous areas above 500 m (Elias 2007; Dias et al. 2007a, b, c; Elias and Dias 2009 ). Among native species, it has one of the largest ecological amplitudes, growing from sea level up to 1500 m, and is a dominant species in pioneer scrub on recent basaltic flows, trachytic domes and flows, and pyroclastic deposits. It dominates most natural forests above 500 m, including forested peat bogs, and is prevalent in several types of mountain scrubland. Furthermore, it is the only tree species found in areas with high rainfall (more than 3000 mm per year) and intense wind exposure (more than 10-14 ms -1 ). Several forest communities dominated by J. brevifolia have been identified: Juniperus woodland, Juniperus-Sphagnum woodland (Juniperus forested peat bogs), Juniperus-Ilex forests, and Juniperus-Laurus forests. Additionally, in coastal areas it can be found on Erica-Myrica scrubland (Dias 1996; Dias et al. 2004; Elias and Dias 2004, 2009; Elias 2007) .
Because of its considerable importance, J. brevifolia is a keystone species for ecological restoration plans. In the most protected areas of the Azores, namely, the Natura 2000 Sites of Community Interest (SCI) in the central areas of the islands (above 500 m), J. brevifolia often dominates natural communities. Knowledge of J. brevifolia genetic variability, together with information about demography, reproductive biology, and dynamics, is essential for any conservation and management program. The coastal populations are extremely endangered, since they occur only on Pico (on the eastern and northwestern coasts), Flores (mostly on the western coast), and Terceira (with only one population) (Elias 2007; Dias et al. 2007b) . Ecological threats include habitat degradation, expansion of agricultural land, forestry, changes in land use, building of infrastructure, invasion by alien species, herbivory, trampling, and some traditional use in the past for rich furnituremaking and in antique buildings (Silva et al. 2009 ).
Conservation strategies for forest tree species differ from those employed in agricultural or wild short-lived plants since forest trees are long-lived plants that have to cope with high temporal and spatial environmental heterogeneity (Geburek 1997) . The maintenance of sufficient genetic variability within and among populations is one of the principal goals of conservation planning. The existence of variability is the only way to assure long-term species survival and to accommodate new selection pressures brought about by environmental change (Barrett and Kohn 1991; Kim et al. 2005) . Information about genetic diversity patterns may also provide insight into the evolutionary history of a taxon, providing a means to assess future risk of diversity erosion (Neel and Ellstrand 2003) . Additionally, the possibility of reintroducing J. brevifolia on islands where it has disappeared or is facing extinction raises questions about the possibility of exchanging plant material between populations of different islands. Population genetic studies have been suggested as one of the major research themes required to manage this species successfully (Silva et al. 2009 ).
Nuclear DNA markers to measure genetic diversity that do not require a priori knowledge of genome components, such as RAPD and inter-simple sequence repeat (ISSR) markers, have been used to determine genetic variability and population structure of several endemic and endangered plant species (Palacios and González-Candelas 1997; Delgado et al. 1999; Rossetto et al. 1999; Li and Ge 2001; Lee et al. 2003; Torres et al. 2003; Bahulikar et al. 2004; Chen et al. 2004; Segarra-Moragues et al. 2005) . The applicability of nuclear DNA markers to several species of Juniperus has been demonstrated by previous studies (Adams and Demeke 1993; Adams et al. 1998 Adams et al. , 2003 Meloni et al. 2006) .
Here, we present a study of ISSR and RAPD markers to obtain insight into the genetic diversity of this keystone conservation species. The aims of our study are (1) to evaluate genetic variability and differentiation among Juniperus brevifolia populations from the Azorean archipelago and (2) to use these data for a preliminary outline for guidelines of conservation and restoration purposes. A previous study by Elias (2007) showed pronounced morphological differences among coastal, midaltitude, and mountain populations. Besides the differentiation among islands, due to varying degrees of geographic isolation, we expect to observe genetic differentiation within islands (among populations in different habitats).
Materials and Methods

Study Site
The archipelago of the Azores (36°35 0 -39°43 0 N, 24°45 0 -31°17 0 W), scattered across 615 km on a WNW-ESE alignment covering a total of 2352 km 2 , comprises nine volcanic islands in three main groups: western (Flores and Corvo islands), central (Terceira, São Jorge, Pico, Faial, and Graciosa islands), and eastern (São Miguel and Santa Maria islands). The topography of the islands is characterized by large catchments, ravines, and seasonal water streams, with maximum elevation ranging from 450 m in Graciosa to 2351 m in Pico, with several islands peaking near 1000 m. The long distance to the nearest mainland (Europe, [1300 km), and their low geological age and the homogeneous oceanic climate of the islands, with low thermal amplitude and high relative humidity and rainfall throughout the year, partly explain the lower number of endemic species compared with the neighboring archipelagos of Madeira and Canary (Carine and Schaefer 2010) . Several natural plant communities, however, existed prior to human settlement, including coastal and wetland vegetation, meadows, and various types of scrubland and forest (Dias 1996) . Subsequently, the increasing fragmentation of natural plant communities associated with the expansion of monocultural landscapes for pastures and forests has drastically altered the biodiversity in many areas of the archipelago, leading to the expansion of nonindigenous and invasive species (Silva and Smith 2006; Silva et al. 2008 ).
Population Sampling
Samples were collected from 18 populations on five of the islands (Table 1; Fig. 1 ): Flores (western group); Terceira, São Jorge, and Pico (central group); and São Miguel (eastern group). Leaves were harvested from 178 individuals (10 individuals chosen randomly from each population, with the exception of Quatro Ribeires, where only eight large adults were found). This was done to sample across the population as effectively as possible. Since the species has heavy diaspores, and seedlings are commonly found under or nearby adult individuals, we required sampled trees to be at least 10 m apart. Leaves were collected fresh and stored at -20°C.
DNA Extraction and Amplification
Young leaves from each individual were selected for DNA extraction, since polysaccharides and secondary metabolites present in the older leaves could interfere with the extraction process (Vidor et al. 2002) . Extraction was carried out using the Qiagen DNEasy Plant Mini Kit (Adams et al. 2003) . Samples were amplified by PCR in a 25 ll volume containing 10 lmol/l primer (1 ll), 35 ng purified DNA (1 ll), 23 ll water, and 1 U Pure Taq Ready-to-Go PCR-Bead (GE Healthcare). DNA amplification was carried out in a Biometra T-gradient thermocycler. The RAPD program consisted of an initial denaturation step of 3 min at 94°C; followed by 45 cycles of 1 min at 94°C, 1 min at 36°C, and 2 min at 72°C; and ending with an elongation stage of 4 min at 72°C. For the ISSR analysis, an initial denaturation of 1 min and 30 s at 94°C was followed by 40 cycles of 2 min at 50°C, 2 min at 72°C, and 1 min at 91°C. In the end, a final extension of 2 min at 50°C and a final step of 5 min at 72°C were used. Fifteen primers previously used for Juniperus spp. (Adams et al. 2003) were screened for each type of marker, but only those giving rise to polymorphic bands were used in the final assay (Table 2 ). All primers were obtained from Operon Technologies.
DNA Fragment Visualization and Scoring
Samples of 5 ll were used for electrophoresis in 0.5 TBE buffer in a BioRad SubCell GT, for 90 min at 160 V on a 2% agarose gel stained with ethidium bromide. Gels were visualized under ultraviolet light with a BioRad Gel Doc 2000 system. Table 1 Each gel contained 18 individuals and one primer, using Sigma DirectLoad Wide Range DNA Marker (50-10,000 bp) as a size standard. Fragments were scored manually and transformed in a 0/1 matrix.
Data Analysis
Only the polymorphic fragments were considered for analysis. Fragments with a frequency inferior to 3/n (where n is the number of individuals in the sample) were excluded from the analysis (Lynch and Milligan 1994 ). Nei's genetic distance was calculated using Popgene 32 (Yeh et al. 1997 ). Shannon's information index was also calculated with Popgene 32 (Morgan-Richards and Wolff 1999). An analysis of molecular variance (AMOVA) was used to calculate intra-and interpopulation genetic variability, using Arlequin version 2000 (Schneider et al. 2000) . Variation was partitioned among the islands, among populations, and among individuals within populations. Similarity analysis of fingerprinting patterns between individuals was performed as UPGMA using Dice's coefficient as implemented in NTSYSpc (Applied Biostatistics). Genetic differentiation was estimated using F ST values calculated based on the Euclidean distances among individuals (Schneider et al. 2000) . Based on these values, a radial phenogram was built using Phylip (Felsenstein 2004) .
Results
The average number of polymorphic bands per primer was very similar for ISSR and RAPD, and the total number of bands was only slightly higher for ISSR than for (Table 2 ). For both types of markers, the average number of polymorphic bands per population was 65 (Table 3) . We analyzed genetic diversity on three levels: similarity of individual genotypes, similarity at the population level, and multiple diversity indices and F ST .
Use of Dice's coefficient to cluster individual genotypes with ISSR and RAPD produced similar results (Fig. 2) . In the ISSR dataset, the individuals of most populations clustered together, with the exception of four populations: PCA from Pico and populations from São Jorge and Flores islands. The latter exhibited a low level of differentiation, indicated by the inclusion of genotypes from both islands within a terminal cluster (FFA, FMA, and JPF). The remaining samples from São Jorge formed their own cluster with no resolution between the populations (JPA and JPF). These populations also did not form terminal clusters in the RAPD dataset. Furthermore, a low level of differentiation between the respective populations from Flores and São Jorge was observed. Nine populations failed to cluster together with regard to RAPD; however, this lack of clustering was attributed to single individuals within these populations.
For the single populations (Table 3) , the values of genetic diversity (h), Shannon's index (I), and number of polymorphic loci had overlapping ranges within the two datasets (e.g., gene diversity of 0.13-0.26 for ISSR and 0.14-0.26 for RAPD). ISSR exhibited low genetic diversity for MGR and PMO (h: 0.13-0.15; I: 0.19-0.22), whereas in RAPD, low genetic diversity was observed for MTR and PCA (h: 0.14-0.15; I: 0.22-0.24). TCM had the highest diversity in both datasets. Although diversity measures of ISSR and RAPD were only poorly correlated (Fig. 3) , the majority of the populations presented similar levels of diversity within Table 1 both datasets, as evidenced by their position relative to the median in the regression analysis. Genetic diversity and Shannon's index of the ISSR dataset were significantly correlated with the altitude of the location of the single populations (Fig. 3) . The lowland coastal populations displayed a significantly higher diversity than the mountain populations (Fig. 3) . These findings were observed as a trend in the RAPD dataset. The range of intra-inland genetic diversity was 0.21-0.34 for ISSR and 0.22-0.31 for RAPD. For both datasets the highest diversity was observed in Pico and Terceira, whereas the lowest diversity was found in São Jorge and São Miguel. We observed a strong correlation between genetic diversity measures and number of samples per island (r = 0.88-0.92; P \ 0.05; data not shown). The majority of genetic variability was found within populations and among populations within islands (Table 3 ). In the AMOVA, in both datasets, more than 50% of the variation could be explained by within-population variation, about 30% by variation between populations within one island, and only about 10% by variation between islands (Table 4) . This low amount of geographical structure between islands was also obvious in the similarity analysis and analysis of pairwise F ST values. In all analyses, only the populations from Terceira formed a single cluster; all other populations were more similar to at least one population from other islands.
The large majority of population pairwise F ST values were situated between 0.3 and 0.6 (Fig. 4) . In the ISSR and RAPD dataset, pairwise F ST comparisons revealed two groups of populations, one composed of populations from Terceira Island and another composed of three Pico Island populations (PMU, PCA, and PMP; Fig. 5 ). High similarity was observed among São Jorge's populations and two populations 
Discussion
Our investigation of genetic diversity used ISSR and RAPD dominant markers and a subsequent analysis of fingerprinting patterns to obtain fundamental insights into the genetic diversity of J. brevifolia for conservation purposes. Generally, it can be assumed that ISSR will be more suitable for genetic diversity studies than RAPD because of the higher specificity inherent to the ISSR PCR. This specificity results from the higher annealing temperature, longer primers, and clearly defined primer binding sites within the ISSR. Nevertheless, both methods led to comparable results in our study. We were able to generate a similar number of scorable bands using both methods. Both the percentage of primers originating readable and polymorphic bands and the number of bands per primer were similar to those obtained in related studies (Machado et al. 1996; Nagaoka and Orihara 1997; Filho et al. 1998; Salla et al. 2002; Adams et al. 2003) , although to some extent higher than those obtained by Meloni et al. (2006) for J. phoenicea. ISSR and RAPD analyses indicate for Juniperus a similar amount of genetic variation in populations and islands and a generally comparable pattern of inter-island relationships among populations. Our datasets for J. brevifolia from the Azores reveal relatively high genetic diversity. The F ST values and the degree of population differentiation in J. brevifolia were high (Fig. 4) and superior to those found in many other plant species (e.g., Ouborg et al. 1999; Sales et al. 2001) . For Ceratonia siliqua L. (Fabaceae), Makrem et al. (2006) found an average value of 0.2. In Crytocarya aschersoniana Mez (Lauraceae), F ST values ranged between 0.279 and 0.395 (Moraes and Derbyshire 2003) . For J. communis, a species closely related to J. brevifolia, Provan et al. (2008) reported an average value of 0.103 in fragmented populations. Additionally, for J. phoenicea, a G ST value of 0.12 was observed (Meloni et al. 2006) . Based on our findings, the corresponding G ST value for J. brevifolia is 0.44, indicating that this species was able to maintain a considerable amount of genetic differentiation despite the rapid decline in its individual numbers due to contemporary challenges. These G ST values correspond to 1.8 and 0.3 migrants entering a population in each generation, for J. phoenicea and J. brevifolia, respectively. Consequently, gene flow may be restricted and insufficient to avoid interpopulation differences associated with genetic drift (Slatkin 1987) .
One major factor influencing genetic variability can be attributed to the intrapopulation component in the AMOVA. The high within-population variability may be related to the dioecious nature of J. brevifolia. According to Sosa (2001) , in allogamic species most of the genetic diversity tends to be intrapopulation. A low amount of geographical structure between islands was also found in population genetic studies of Picconia azorica (Tutin) Knobl. (Oleaceae), another tree endemic to the Azores (Ferreira et al. 2010) . Our results for J. brevifolia (55-58%) were not as extreme as those found for J. phoenicea (77%, Meloni et al. 2006) . Furthermore, in our study a considerable portion of the genetic variability (about 30%) was allocated to interpopulation variation within one island, as opposed to only 16% for J. phoenicea (interpopulation variation within one region, Meloni et al. 2006) . Again, this result suggests that some differentiation among populations might exist within each island for J. brevifolia.
The different levels of genetic diversity of the single islands were mainly explained by differences in the number of samples or populations that could be obtained. This is not surprising, but the strong population differentiation on a single island might proportionally increase genetic diversity, depending on the number of populations on such an island. This increase in genetic diversity would explain the strong linear correlation between sample number and genetic diversity we observed in both datasets. The number of populations that can be found on the islands (i.e., the rarity of the species) certainly influenced sampling. For example, the islands of São Miguel and São Jorge showed the lowest genetic variability for J. brevifolia. In particular, on these islands, populations of J. brevifolia are reduced by human disturbance, population fragmentation, and competition with invasive plants (Moniz and Silva 2003; Dias et al. 2007b; Elias 2007) . In São Miguel, J. brevifolia populations exist predominantly in only two sites, on the ravines surrounding Fogo Lake and on Tronqueira and Graminhais (where the samples were taken). Therefore, the species now occupies less than 10% of its potential range on the island. Moreover, on São Jorge, the distribution area is greatly reduced and extant populations are highly fragmented (Dias et al. 2007b; Elias 2007) . Fragmentation may increase isolation due to the decrease in population numbers and loss of connectivity. This in turn will lead to losses in genetic diversity due to inbreeding and restricted gene flow (Provan et al. 2008) . São Miguel and São Jorge populations may be experiencing a bottleneck effect caused by human interference in the last 500 years, with subsequent loss of genetic diversity. Our results on genetic diversity within these islands might be influenced by such a bottleneck. In these and other islands, where J. brevifolia is very rare, such as Faial, Corvo, and particularly Santa Maria (where J. brevifolia is almost extinct), inbreeding depression could be a severe problem. Especially in island conifers (e.g., Monterrey pine; Rogers et al. 2006) , inbreeding can have a variety of manifestations, with broad ranges in severity, and be expressed at various life stages.
Our analysis showed no pronounced signs of isolation by distance, in the sense that populations on one island are predisposed to a higher pairwise similarity to each other than to populations from other islands. This would be expected if gene flow between populations on one island is frequent or if populations on one island descended from one or few colonization events (Meimberg et al. 2006) . In both datasets, populations from São Jorge Island harbored close relationships to populations from Flores Island, whereas populations from São Miguel Island were closely related to populations from Pico Island. This is remarkable because Pico and São Jorge are part of the Central Azores and located close to each other; therefore, one would expect that gene flow or migration between these islands would be facilitated, in contrast to the more remotely located islands of Flores and São Miguel.
Migration, natural selection, genetic drift, and reproductive system are among the main factors influencing genetic diversity. Strong natural selection and genetic drift (which is higher in small populations) increases interpopulation genetic diversity. Allogamy and high levels of migration promote intrapopulation diversity (Francisco-Ortega et al. 2001) . Thus, historical demographic events will have a strong influence on the actual genetic architecture of a species and are the most plausible explanation for our results concerning inter-island connectivity between populations. On islands, historical events such as the number of colonizing individuals and possible founder effects, the sequence of island colonization, the colonization between islands, catastrophic events like volcanic eruptions (with subsequent possible bottlenecks), and the episodic occurrence of colonization opportunities for certain islands are especially important considerations that should be taken into account.
Santa Maria is the oldest Azorean island (8 million years old); Pico, at less than 250,000 years, is the youngest (França et al. 2003; Nunes et al. 2006) . One island is usually the result of several volcanic events that took place in the last several hundred thousand years. For example, the subaerial eruptions that formed the eastern part of Terceira Island probably began 3.5 million years ago and lasted up to 370,000 years ago. Subsequently, two large volcanic events that shaped the central and western parts of the island began 270,000 and 29,000 years ago, respectively (Calvert et al. 2006) . Ensuing smaller eruptions occurred up to AD 1761. Thus, volcanic activity was a periodic disturbance with varying scales of severity, from large caldera-forming eruptions to small lava flows. The most severe events are especially important, since they likely destroyed large areas of vegetation. Surviving populations were small and presumably subject to genetic drift. Moreover, subsequent recolonizing events could have occurred from sources outside the island, leaving relic populations in the older parts of the islands (Trusty et al. 2005 ). These relic populations may not have been homogenized by gene flow, in which case such patterns should be taken into consideration for conservation management activities in island biota.
Our finding of a significantly higher genetic diversity in lowland populations compared with mountain populations could be explained by such historical mechanisms. Lowland populations may represent the remnants of the original colonization events from which high-altitude populations descended.
Evaluation of genetic diversity can be the basis for the establishment of conservation strategies (Grassi et al. 2005) . Our results on genetic differentiation between populations strongly suggest that the concept of provenance should be taken into account when formulating augmentation or reintroduction strategies. For example, the comparably high genetic homogeneity of populations in Terceira means that seeds or individuals from this island should not be used in reintroduction programs on other islands. The concept of provenance should be viewed not only at the island level but also at the habitat level; for example, reintroductions in high mountain areas should use material from high mountain populations.
A previous study by Elias (2007) showed pronounced morphological differences between coastal, mid-altitude, and mountain populations. In our dataset there was no obvious higher genetic similarity between populations from the same ecological zones from different islands. However, our finding of a significant difference in diversity between lowland and highland populations raises the need for further studies to determine if they had different origination histories, and if the differences in ecology have a genetic basis. Juniperus brevifolia is especially rare in coastal areas making seed availability especially limited, since there are few natural populations (mainly in Pico, Terceira, and Flores). Ex situ propagation is essential for coastal populations and should be performed in ways that preserve the naturally high genetic diversity.
The conservation status of J. brevifolia differs depending on the island. On Graciosa the species is extinct; on Santa Maria it is critically endangered; on São Miguel and Corvo islands it is endangered; on Faial and São Jorge it is vulnerable; and on Pico, Terceira, and Flores the threat level is low. On islands where J. brevifolia faces extinction, propagation techniques can be used to increase the numbers of individuals, which could be augmented by a controlled pollination program to increase the seed set. For the extinct and critically endangered populations, the reintroduction of the species may be the only feasible solution. In Graciosa, biological material should come from one of the other Central Azores islands.
On Santa Maria, where only a few individuals are known, inbreeding depression is evident and viable seeds for ex situ propagation are rare or unavailable, hence attempts for propagation should be intensified. On São Miguel, populations are extremely fragmented and competition with invasive species is a serious problem, thus habitat restoration and augmentation of existing populations should be a priority. Corvo Island is so small that much of the land is now occupied by pastures that restrict existing populations, so there should be a reintroduction of trees in and around the higher parts of the small volcano caldera. In the eastern region of São Jorge Island, where the species is considered vulnerable, occurring in mountainous areas and also highly scattered among pastures, habitat restoration is the priority. On Faial Island, conservation and restoration measures should be focused on the volcano caldera (in the center of the island) and on a strip of land that extends through the western part of the island, terminating at the coast. On the islands with the lowest threat levels (Pico, Terceira, and Flores), the priority should be the preservation of the existing natural habitat, the elimination of alien species in semi-natural areas, and habitat restoration in areas where populations of J. brevifolia are fragmented by pastures.
Other management measures should also be undertaken, such as information campaigns, training of roadside workers in natural areas, habitat maintenance and restoration, establishment of ecological corridors to minimize the effect of population fragmentation, and the implementation of a regional recovery plan, similar to what is presently implemented in the Canary Islands for endangered species (Martín 2005) . Finally, research efforts are needed to evaluate the habitat conservation status, the threats looming on this species and their relevance, and to monitor the future evolution of its different populations.
